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Abstract I 
Abstract 
Metal oxide semiconductor gas sensors are in general well suited for high volume gas 
sensing applications, e.g. air quality monitoring, due to their low cost and high 
sensitivity. However, in many applications, the gases to be detected can occur in very 
low concentrations, which complicates selective measurement of specific components. 
In this thesis, several methods are presented which improve the performance of such 
sensors for the detection of gases at trace concentrations. 
First, the design and characterization of a gas mixing system is described, which 
allows generation of test gases in the ppb (parts per billion) concentration range. 
Several well established techniques are then tested for their applicability at these low 
concentration levels. Key elements are cyclic modulation of the sensor temperature 
and signal processing based on methods for pattern recognition, for both single sensors 
and combined sensor signals. A novel development is an integrated micro system in 
which gas pre-concentration is realized in combination with the sensor. In addition to 
the technical developments, the reproducibility of the results has been investigated in 
an inter-laboratory comparison, where a measurement system for benzene has been 
characterized in two different setups for test gas generation. 
The presented methods provide a basis for using low-cost metal oxide semiconductor 
gas sensors for potential applications in the field of trace gas analysis. 
  
Kurzfassung II 
Kurzfassung 
Metalloxid-Halbleiter-Gassensoren (MOS) sind aufgrund ihrer hohen Sensitivität und 
geringen Preises grundsätzlich gut geeignet für Gasdetektion in Anwendungen mit 
hohen Stückzahlen, zum Beispiel für die Überwachung von Luftqualität. In diesen 
können die zu detektierenden Gase jedoch in sehr niedrigen Konzentrationen auftreten, 
was eine gezielte Messung einzelner Komponenten erschwert. 
In dieser Arbeit werden Verfahren vorgestellt, mit denen die Leistung solcher 
Sensoren für die Detektion von Gasen in Spuren-Konzentrationen verbessert wird. 
Zunächst werden das Design und die Charakterisierung einer Gasmischanlage 
beschrieben, die eine zuverlässige Generierung von Testgasen im ppb-Bereich (parts 
per billion) ermöglicht. Mehrere etablierte Verfahren werden dann auf ihre Eignung 
für diesen niedrigen Konzentrationsbereich getestet. Zentrale Elemente sind hierbei 
eine zyklische Änderung der Sensortemperatur und Signalverarbeitung basierend auf 
Methoden zu Mustererkennung, sowohl für einzelne Sensoren als auch für kombinierte 
Signale. Eine neue Entwicklung ist ein integriertes Mikrosystem, in dem zusätzlich 
zum Sensor eine Gas-Aufkonzentration realisiert ist. Neben den technischen 
Entwicklungen wurde die Reproduzierbarkeit der Ergebnisse in einer 
Vergleichsmessung in zwei Labors untersucht; hier wurde ein Messsystem für Benzol 
in zwei unterschiedlichen Setups zur Gasaufgabe getestet. 
Die vorgestellten Methoden bieten eine Grundlage zum Einsatz der günstigen MOS-
Gassensoren für Anwendungen im Bereich von Spurengasen. 
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1   Introduction and motivation 1 
1 Introduction and motivation 
In recent years, in the fields of gas analysis and gas measurement technology a lot of 
research and development effort has been put into systems for the detection, 
identification and quantification of trace gases. Some of the most active fields of 
applications for gas detection technologies are presented in the following segments, 
and in all these domains the measurement of gas concentrations at levels of sub-ppm 
(parts per million) or even ppb (parts per billion) is of high relevance.  
Traditionally, analytical equipment is used for detection of low concentration of gases, 
such as gas chromatography (GC) [1]-[3], mass spectrometry (MS) [4]-[6] or special 
types of infrared spectroscopy (IR) [7]-[9], all of which are available in various 
variations and optimizations for different application scenarios. These methods can 
also be used in combination; especially the coupling of gas chromatography with mass 
spectrometry (GC-MS) is utilized very widely [10]-[13]. The advantages of such 
systems are their high performance in terms of selectivity, accuracy, and flexibility 
regarding the range of the detectable compounds. As they are usually sophisticated 
laboratory equipment, some disadvantages are high system and running costs, often 
complex and time-consuming sample preparation, and very limited mobility.  
Due to these restrictions, many attempts have been started to try to achieve similar 
performance as the analytical systems with systems that use smaller, cheaper and more 
robust gas sensing technologies. A wide variety of low cost gas sensor and gas sensor 
system technologies is available, although not all of them can be used for ppb level gas 
sensing; some of the most important, both for trace gases and higher concentrations, 
are: 
• Electrochemical cells [14][15] 
• Lambda oxygen sensors [16][17] 
• Catalytic sensors (pellistors) [18][19] 
• Infrared sensor systems [20][21] 
• Metal oxide semiconductor (MOS) gas sensors [22][23] 
• Field effect devices [24][25] 
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All of these technologies have been used for developing gas measurement systems for 
specific applications in research and commercial usage, many of which require the 
measurement of ppb level gas concentrations. 
 
1.1 Applications for ppb level gas detection 
Selected of fields of applications for trace level gas detection are presented in this 
chapter. 
 
1.1.1 Air quality monitoring 
The monitoring of the air we breathe has gained high relevance, for both indoor and 
outdoor scenarios [26]-[30]. As people spend more and more time in buildings, more 
than 85% [35], the air quality especially in homes and workplaces can have a 
significant influence on our health. In indoor air, a large number of gaseous 
compounds can have negative effects on humans. In addition to some inorganic 
permanent gases like carbon monoxide (CO), carbon dioxide (CO2) and nitrous oxides 
(NOx), a large number of different volatile organic compounds (VOCs) can be present 
indoors. They can cause a variety of symptoms ranging from skin irritations and short-
term respiratory problems [28][31] to chronic conditions [32][33] and, for some 
VOCs, cancer [34]. For many of these substances, a single short time exposure is not 
dangerous, but permanent exposure over long periods of time can cause the mentioned 
health risks. Diseases caused by contaminated indoor air have been labeled “sick 
building syndrome” [36][37]. 
As most important VOCs for indoor air quality (IAQ) monitoring, three compounds 
have been identified by the World Health Organization (WHO): benzene, 
formaldehyde, and naphthalene [38]. The recommended concentration thresholds for 
human exposure for these compounds, as well as other relevant gases and particulate 
matter are presented in Table 1. 
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Table 1: Overview of the most relevant indoor air pollutants; based on [39], © 2014 IEEE. 
Pollutant Exposure limit Country Year Remarks Ref. 
Benzene 2 µg/m³ 0.6 ppb France 2016 long term exposure; 
no safe level for exposure 
(WHO) 
[40] 
[38] 
Formaldehyde 100 µg/m³ 
30 µg/m³ 
80 ppb 
24 ppb 
Germany 
France 
2006 
2015 
30 min average 
short-term (for exposure 
of 2 h) 
[41] 
[40] 
Naphthalene 10 µg/m³ 1.9 ppb Germany 2010 annual average [38] 
Carbon 
monoxide 
10 mg/m³ 8.7 ppm WHO 2010 8 h average [38] 
Nitrogen 
dioxide 
200 µg/m³ 105 ppb WHO 2013 short-term (for exposure 
of 1 h) 
[42] 
Radon 167 Bq/m³  WHO 2010 annual average; excess 
lifetime risk 1 per 1000 
for non-smokers 
[38] 
[43] 
Styrene 70 µg/m³ 16 ppb WHO 2000 30-min average [44] 
Tetrachlor-
ethylene 
0.25 µg/m³ 36 ppb WHO 2010 annual average [38] 
Toluene 3 mg/m³ 783 ppb Germany 2016 guide value II (RWII) [45] 
Trichlor-
ethylene 
230 µg/m³ 42 ppb WHO 2010 excess lifetime cancer risk 
1:10,000 
[44] 
PM10 50 µg/m³  WHO 2005 24-hour mean [42] 
 
Table 1 shows that for many gases the recommended limit values are at a sub-ppm 
levels, for some even in the single-digit or sub-ppb range (benzene, naphthalene). 
Especially when long-term exposure is considered, 8 h per day or more, the relevant 
gas concentrations are very low. 
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The monitoring of specific gases in indoor air poses a number of particular challenges, 
especially if gas sensors with limited selectivity are used. Indoors, complex gas 
matrices can occur, and benign interferent gases can be present in comparatively high 
concentrations, such as ethanol, solvents (e.g. from cleaning agents), or odorants (e.g. 
from perfumes). Furthermore, some indoor scenarios have a very high baseline of 
chemical compounds in the air, e.g. kitchens, which can make the detection of specific 
substances very difficult. 
In outdoor scenarios, some of the target gases are identical to IAQ, especially benzene 
has a high relevance [46][47], and nitrogen oxides (NOx) occur in higher 
concentrations [48]-[50]. Additional relevant compounds are Ozone (O3) [51][52] and 
Sulfur dioxide (SO2) [53][54], all of which are associated with respiratory diseases and 
asthma. 
For indoor as well as outdoor applications, measurement systems are required to be 
small, robust and low-cost compared to analytical laboratory equipment, as there is 
usually a number of systems deployed to achieve a certain spatial resolution. For 
example in a private home, the air quality can differ significantly in different rooms 
(e.g. kitchen, bathroom, living room) and thus a high number of sensor nodes is 
required to accurately measure the pollutants in different areas of the home. A number 
of research activities have focused on small networked gas sensor systems for air 
quality control [55]-[57]. 
For outdoor applications, mobility is another key aspect, as many approaches include 
mobile systems that are installed on buses [58], trams [59], cars [60], bikes [61], or 
pedestrians [62], to generate air quality maps of cities. 
 
1.1.2 Breath analysis 
Another emerging field of application for ppb level gas detection is the analysis of 
exhaled breath [63]-[65]. A number of medical conditions cause the composition of 
the exhaled breath gases to change in a specific way, e.g. diabetes [66], asthma [67], 
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tuberculosis [68] or different types of cancer (e.g. lung cancer [69], gastric cancer [70] 
or breast cancer [71]). In many cases, the relevant gas concentrations are in the ppm 
range or lower, e.g. for asthma diagnosis, the measured concentrations for NO (nitric 
oxide) are between 100 and 400 ppb [67], and one study on gastric cancer found the 
relevant concentrations of VOCs below 100 ppb [72]. 
So far, breath analysis measurements are mostly performed by analytical methods like 
different kinds of mass spectrometry [73][74], but as with air monitoring, development 
of cheaper and smaller gas sensor systems is pursued. These sensor systems often use 
some of the same sensor technologies as are used for air quality monitoring, such as 
MOS gas sensors [75]-[77], but other methods or combinations of technologies are 
used as well, such as infrared / electrochemical [78], colorimetric [79] or 
potentiometric sensors [80]. 
 
1.1.3 Odor monitoring 
Odor is also a parameter of gaseous substances which is interesting for some 
applications [81]-[83]. In some cases, the occurring concentrations of specific gases 
are not harmful, but generate unpleasant odors. Monitoring of such odors can be 
desired in order to efficiently use countermeasures or just for monitoring of processes. 
Many studies have been performed measuring the odors generated by chemical plants 
[84][85], waste treatment facilities [86][87] or agricultural farms [88][89]. The goal of 
such studies usually is the generation of objective data about the odor nuisance to the 
surrounding population. The reported gas concentrations are mostly in the ppb range. 
One study measuring a wide variety of analytes at a landfill detected all relevant VOCs 
in the single or low double digit ppb range [90]. 
 
1.1.4 Food spoilage detection 
Another interesting application of odor monitoring is the detection of spoilage of food 
products via the emitted gases. Some investigations have attempted this, and found 
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clear relations between the freshness of certain food items and the emitted matrix of 
gases. These gases differ significantly for different groups of food, e.g. fish [91][92], 
meat [93][94], fruit [95][96] or even water [97][98]. But, as in the other presented 
applications, the emitted gas compositions can be monitored only if the sensor system 
can detect ppb levels of the relevant compounds. 
 
1.1.5 Safety applications 
Safety and security applications are additional fields of use where gas concentrations 
are often very low, e.g. detection of chemical warfare agents [99][100], explosives 
[101][102] or drugs [103][104]. In these scenarios, the substances often have very low 
vapor pressures [105] and thus the emitted gas concentrations are low as well. As in 
the other presented examples, both analytical methods and gas sensors are used, with 
low-cost sensor systems gaining more and more relevance to allow comprehensive 
coverage of relevant areas. 
 
1.2 Electronic noses 
As the presented fields of applications and the literature show, for most of these fields 
of use analytical measurement systems are the first step in analyzing the measurement 
task. However, after identification of the target analytes and target concentrations, in 
all of the examples low-cost gas sensor systems have been and are being investigated 
and developed. A term that is often used to describe such sensor systems is “electronic 
nose” [106]-[108]. This term usually refers to the whole system, including sensors, 
electronics, signal processing and communication. Such devices have been explored 
for the presented fields of air quality monitoring [109]-[112], breath analysis [113]-
[116], odor monitoring (outdoor [117]-[120] and food items [121]-[124]) and safety 
applications [125]-[128]. Often, they do not use single sensors but an array of different 
types of sensors for increasing the range of detected gases and for suppression of the 
effects of interfering gases. To enhance the performance of the systems, a great 
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number of methods are used for combining the signals of the different sensors and to 
compute the desired output values. A significant drawback of such systems is the 
limited stability of the sensors and thus the whole system, depending on the chosen 
sensors and operating modes. 
The large number of publications on the topic of electronic noses shows the relevance 
of low-cost gas sensor systems trimmed for performing specific measurement tasks, 
many of which focus on low gas concentrations. 
 
1.3 Test gas generation 
For development, testing, characterization and calibration of gas sensor systems, test 
gas mixtures have to be provided. Besides the respective target gases for the 
application, there are usually variations in interferent gases and other environmental 
parameters (e.g. gas humidity) which might affect the performance of the sensor 
system. Therefore, a highly dynamic and versatile generation of gas mixtures is 
necessary. 
Generating low concentrations of VOCs is a special challenge, for several reasons: 
Many VOCs have a low vapor pressure and are not available in standard gas cylinders, 
so different methods for generating these species have to be employed, which makes 
the overall test gas generation system more complex [129]. Another problem is the 
required low concentration range. While gas cylinders with low concentrations of the 
desired compounds can be produced quite accurately, there is always a residual 
contamination in the produced gas. Usually, test gases are produced at purity 5.0, 
which means a purity of 99.999 %. In such a gas mixture, the contaminations can still 
be up to 10 ppm, so the concentration of the contamination could be higher than that of 
the test gas if it is mixed with a share in the low ppm range. Several methods can be 
used to overcome these problems, e.g. generating test gases from high purity liquids 
(e.g. using evaporation or injection) [130], using permeation devices [131][132] or 
diluting the high concentration cylinder gas in a very high ratio with a pure carrier gas 
(usually air or nitrogen) [129][133]. In the last mentioned method, the background 
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carrier gas should have a high temporal consistency and low contamination levels. 
This keeps the total level of contaminations steady at the sensor or system to be tested. 
If the test gas is present in the background, the gas concentration from the cylinder is 
added to this existing concentration, so the total level can be higher than intended. 
However, in any application there is also a ubiquitous background of a large number 
of gases, and in most cases multiples of these background concentrations are to be 
detected. From this perspective, a (very) low level of impurities in the carrier gas is 
acceptable - if it is stable at the sensor - as it is closer to applications than a completely 
clean background would be. 
Other properties of the gas mixing system that can have significant effects for ppb 
level gas concentrations are adsorption and desorption effects of the installed 
components (e.g. tubing or seals) and effects of unwanted dead volumes which can 
cause tailing effects when gases or gas concentrations are switched. 
 
1.4 Scope of this thesis 
This thesis focuses on one of the presented types of gas sensors – MOS sensors – and 
one of the presented fields of application – air quality monitoring. The goal is to 
increase the sensing performance of MOS gas sensors with regard to the most relevant 
gases for air quality, especially indoor air, in order to increase the usability and 
reliability of such sensors for use in versatile gas sensor systems or electronic noses. 
In a first step, the issue of test gas generation is addressed and the design, testing and 
evaluation of a new gas mixing system are presented. This is the basis for being able to 
reliably test several methods intended to maximize the abilities of MOS based low-
cost gas sensor systems. 
One of the biggest challenges when using MOS gas sensors is their very limited 
selectivity, as they are essentially broadband sensing devices. Several previous 
research activities have reported successes regarding increased selectivity and 
sensitivity when the sensor is not operated at a constant temperature but if the 
temperature is changed dynamically. This temperature cycled operation (TCO) is used 
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for all gas sensor measurements in this thesis. As a MOS gas sensor shows different 
responses to different gases at different temperatures, this has been called a virtual 
multisensor. Analyzing the generated signals from a sensor operated in such a way 
requires more complex data processing techniques, basically pattern recognition 
algorithms. Several such computational methods are used in this work. 
The virtual multisensor approach has also been combined with a real multisensor 
approach, with a set of several different MOS gas sensors all being run in TCO and 
combining the dynamic signals of all sensors in the data processing. 
An important aspect for assessing the performance of measurement systems or devices 
is testing them in varying conditions. A sensor system for ppb level benzene detection 
was subjected to an inter-laboratory measurement campaign and tested for the target 
gas at two different labs using two very different test setups.  
Another option for improving sensing performance which has been explored is the use 
of gas pre-concentration. In general, pre-concentration describes the accumulation of 
the target gas in a suitable material, usually a solid, followed by a sudden release of the 
gas, often thermally induced, which generates a short gas pulse with a higher 
concentration compared to the initial value. 
In a nutshell, this thesis explores the method of dynamic gas dilution for ppb level test 
gas generation and presents several methods for increasing the performance of MOS 
gas sensors, such as temperature-cycled operation, combined data processing of multi-
sensor systems, gas pre-concentration and advanced pattern recognition data analysis. 
For verification of the obtained results, a gas sensor system was also tested in a second 
laboratory. 
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2 Fundamentals 
2.1 Metal oxide semiconductor gas sensors 
In this thesis, gases are detected using metal oxide semiconductor (MOS) gas sensors. 
These devices are used widely in many applications and research projects, as they are 
inexpensive, can be operated very easily and offer great sensitivity to a large number 
of gases. However, using these sensors is still challenging, as selectivity and stability 
of the signals are not as good as for other sensing principles. Both the strengths and the 
weaknesses of these devices result from their operating principle, which is presented in 
this chapter, along with the basics of an operation mode which can reduce these issues 
while also boosting sensing performance. 
 
2.1.1 Basic Operating principle 
The transducing element of MOS gas sensors is, as the name suggests, a layer of a 
semiconducting metal oxide material. A number of different materials is used in such 
sensors, including tin dioxide (SnO2), tungsten trioxide (WO3), zinc oxide (ZnO), 
magnesium oxide (MgO), indium(III) oxide (In2O3), titanium dioxide (TiO2), and 
many more [134][135]. 
The transducing effect is a change of the electrical conductivity of this layer caused by 
changes of the surrounding gas atmosphere. It can be explained well for the example 
of SnO2, which is an n-type semiconductor and one of the most used materials for gas 
sensors. The electrical conductivity of the material is depending on the interaction of 
the material with oxygen (O2) and other gases, which adsorb and desorb at the surface 
of the sensing layer. As the oxygen adsorbs at the material, it binds electrons from the 
semiconductor material and thus leads to the formation of a depletion layer [136]. If 
molecules of oxidizing or reducing gases are also present in the surrounding 
atmosphere, they can react with the adsorbed oxygen ions, and the formerly bound 
electrons are available again as charge carriers in the sensor material, which results in 
2   Fundamentals 11 
an increase in conductivity. The electrical current which is used to measure the 
conductivity of the layer has to pass through this area, which represents an energy 
barrier in the electronic band structure of the semiconductor, as shown in Figure 1. 
 
 
Figure 1: Simplified operating principle of a MOS gas sensor. The polycrystalline structure and the 
band structure of the semiconductor are visualized for two states: the MOS structure in air without 
reactive gas (A) and with CO in the surrounding atmosphere (B); adapted from [137] (modeled after 
[136],[138],[139]). 
 
In the shown example, on the left side (A) no reactive gas is present in addition to 
oxygen. The oxygen binds electrons from the MOS material and the depletion zones at 
the edges of the grains increase in width. The junctions between the grains pose 
significant potential barriers for the conducting electrons to overcome, which means 
the electrical conductivity is reduced. If a gas is added, carbon monoxide in this 
example (Figure 1 B), a chemical reaction takes place. The CO reacts with the 
adsorbed oxygen, the formerly bound electrons are released into the MOS material, the 
width of the depletion zones is reduced and the height of the energy barrier at the 
junction of the grains is decreased. As a result, the electrical conductivity of the 
structure is increased. 
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The effect is boosted by a large number of grain boundaries that have to be passed. 
Therefore, usually highly granular materials are produced and used as gas sensitive 
layers. Investigations on variations of the grain size show higher responses to gases 
(i.e. changes in conductivity) for smaller grain sizes [140][141]. 
The dynamics of the adsorption and desorption processes as well as the gas reactions 
and the conductivity of the semiconductor material are all significantly dependent on 
temperature [142]. Therefore, gas sensing materials are usually deposited on a 
substrate which can be temperature controlled via an integrated heater structure 
[140][143]. Often, temperatures of 400 °C or more can be achieved by the heater 
[144][145]. 
There are two basic technologies for MOS sensor substrates: ceramic based substrates 
[146][147] and micromachined membranes [148][149]. Ceramic substrates are usually 
produced in sizes of several millimeters. They offer high robustness and can be used 
for high temperature applications. Various designs have been published; these 
substrates can be tube shaped, with the heater being placed inside the tube, and the 
sensing material at the outer wall of the tube (Figure 2 A), which offers a very large 
sensing area; or they can be planar substrates (Figure 2 B). Planar substrates allow for 
a wide range of sensing layer deposition techniques. In his case, the heater structure is 
placed either on the backside of the substrate or between the substrate and the sensing 
layer. A disadvantage of ceramic substrates is their comparably large thermal capacity, 
which results in large time constants of at least several seconds when the sensor 
temperature is changed. 
Micromachined sensor substrates, on the other hand, consist of a thin membrane, with 
a thickness in the range of several µm, which allows for very fast changes of the 
sensor temperature (time constants of several tens of milliseconds). These structures 
are generally much smaller than the ceramic substrates, sometimes the dimensions of 
the heated areas are in the sub-mm range. Two examples are shown in Figure 2 C and 
D. Gas sensor platforms produced in microtechnology require advanced equipment for 
manufacturing, but are easily fabricated in large numbers. They require much less 
electrical power for heating the sensing layer, as the thermal mass and thermal 
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conductivity of the membrane, which is usually surrounded by a cavity for improved 
insulation, are very low. The disadvantages, compared to ceramic substrates, are a 
higher vulnerability to high temperatures and lower durability in harsh conditions. 
 
 
Figure 2: Examples of designs of MOS gas sensors; ceramic substrates can have tube shapes as shown 
in A [146], but are today usually planar as in B [147]; micro machined devices can be prepared as 
single sensors, shown in C [148], or as multi sensor platforms as in example D [149].   
Figures A, C, D reprinted with permission from Elsevier; B licensed under CC BY-NC-SA 3.0. 
 
The heater structure which is integrated into the sensor substrate is essential for the 
operation of MOS gas sensors. The sensitivity of the sensor to certain gases as well as 
the selectivity of the device can be influenced drastically by changing the temperature 
of the heater and thus the sensing layer; this is discussed further in the next chapter.  
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2.1.2 Temperature cycled operation 
As already mentioned, for most MOS gas sensors the temperature of the gas sensing 
layer material can be increased using an integrated heater structure. MOS gas sensors 
are usually heated to temperatures above 100 °C, as their conductivities can be too low 
to be measured properly at lower temperatures and because the gas reactions at the 
surface are dependent on an elevated temperature. The temperature of the sensor has a 
direct effect on the amount of ionosorbed oxygen, which contributes significantly to 
the operation of the gas sensing material by reacting with the surrounding gases. At 
high temperatures, more oxygen is ionosorbed at the surface compared to lower 
temperatures. The transitions from a low to a high temperature and vice versa are non-
equilibrium states for the sensors and are particularly interesting, as additional effects 
gain importance compared to the steady-state operation at a constant temperature. The 
transitions and the corresponding effects on the conductance of a sensing material, 
especially for temperature changes with time constants in the millisecond range, have 
been described in detail in [150] and are illustrated in Figure 3. 
 
 
Figure 3: Schematic visualization of the states of a MOS gas sensor during high temperature / low 
temperature TCO cycle, shown as an Arrhenius plot; the red and blue illustrations represent the states 
of the grain boundaries and depletion zones at the different temperatures; the right part shows the 
corresponding signal over time; adapted from [150],[151]. 
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Starting point in this example is a stationary low temperature (state 1), which results in 
low oxygen coverage. A fast temperature step is assumed to achieve state 2, which 
represents a high temperature and low oxygen coverage immediately after the 
temperature step, as the oxygen reaction process is much slower than the temperature 
change. Given sufficient time, more oxygen ionosorbs on the surface and the 
conductance of the material decreases until it reaches a new steady state (state 3). A 
rapid decrease of the temperature, shown as the transition from state 3 to state 4, 
shows the opposite effect as the previous transition. Due to the low temperature and 
the high oxygen adsorption on the surface, the sensing material reaches a very low 
conductance. As after the temperature increase, relaxation effects eventually lead to 
the steady state which is state 1.  
Using active temperature modulation, every point inside the shown trapezoid of states 
(Figure 3) can be set or passed during a relaxation process, while a sensor at constant 
temperature operation is limited to one of these states. Therefore, varying the 
temperature of a MOS gas sensor is an established method for increasing the 
performance of such a device, which means increase of the selectivity, sensitivity, 
stability, and speed of the sensor [152]-[156]. 
Experiments have shown that a MOS gas sensor in TCO can cover more than 5 orders 
of magnitude in conductivity [157]. Therefore, the read-out of the sensor requires more 
sophisticated electronics compared to sensors operated in a steady state. One approach 
to this challenge is the use of logarithmic operational amplifiers, which has been 
successfully tested in previous works [158]. 
 
2.1.3 Pulsed laser deposition for manufacturing MOS gas sensing layers 
The desired porous structure of the sensing material results in another problem with 
MOS gas sensors: reproducibility of the layers and their gas sensing characteristics. 
Sensors of the same type can show poor uniformity in electrical conductance, which 
can pose significant problems for the calibration of sensor elements or sensor systems. 
Manufacturing technologies which address this issue are being developed. One of 
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them is the deposition of the sensing layer material from a target of this material using 
laser ablation; the method is called pulsed laser deposition (PLD) [159]-[161]. Pulses 
of a high energy laser are shot at the target, which is placed inside a vacuum chamber. 
The high energy of the laser, which is adsorbed by the surface, causes evaporation of 
the target material and leads to formation of a plasma, which expands into the vacuum 
chamber. The evaporated material condenses on the surface of the substrate, which is 
placed face-to-face to the target, and forms a thin coating layer. By controlling the 
energy, the pulse length and the pulse frequency of the laser as well as the temperature 
of the substrate and the background gas in the chamber, the structure of the deposited 
layer can be influenced to generate a large number of variations for a single target 
material. These parameters can significantly influence the properties of the sensing 
layer, e.g. the porosity of the structure is influenced by the oxygen partial pressure in 
the vacuum chamber during the PLD process [162][163]. Examples of SEM (scanning 
electron microscope) images of the surfaces of three different materials are shown in 
Figure 4. 
 
 
Figure 4: SEM micrographs of the surfaces of three MOS layers generated by PLD (WO3, SnO2(ZnO) 
and V2O5), each deposited with two variations of oxygen partial pressure (p(O2)) with a difference of 
approx. a factor of 2 [163]. 
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For all three investigated materials, an increase of oxygen partial pressure (p(O2)) 
during deposition results in a more porous structure, while the lower p(O2) value 
results in dense layers for two of the samples, Figure 4 c) and e).  
Using PLD, very thin layers of the gas sensing material can be produced, down to less 
than 10 nm [164][165], which is relevant for gas sensors if TCO operation with fast 
temperature changes is intended. The method has been used widely for preparation of 
gas sensing MOS layers [162]-[164][166]. 
 
2.2 Pre-concentration of gases 
A method used to enhance the performance of many analytical measurements, 
especially for detecting low concentrations of gases (or liquids), is pre-concentration 
of the target compounds. The goal of gas pre-concentration is to artificially increase 
the concentration of gases, or of a specific target gas, to a level much higher than that 
present in the target atmosphere. To achieve this, the gas is collected (adsorbed) in an 
adsorber material over a certain time and then desorbed quickly, resulting in a short 
pulse of a high concentration of the gas, which can then be detected and measured. For 
analytical applications, a wide variety of methods is available [167]. A widely used 
technique is sampling of gases in sorbent tubes, followed by thermal desorption in the 
analytical measurement system [168]-[170]. Another method is solid-phase 
microextraction (SPME), in which a thin polymer coated fiber is inserted in the gas or 
liquid and the molecules adsorb on the fiber [171]-[173]. The adsorbed gas is then also 
desorbed thermally for analysis. A disadvantage of these methods is that the usual 
procedure for such measurements is sampling the gas at the site of its occurrence, 
transporting the samples to the laboratory, and performing the analytical 
measurements there. This approach is very time-consuming and the sample might 
change during transportation. Also, on-line monitoring of a gas atmosphere is not 
possible.  
Therefore, the combination of pre-concentrator devices and small or mobile gas sensor 
systems has gained interest. The examples shown later in this chapter focus on new 
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developments on pre-concentrator devices for continuous measurements and the 
combination of pre-concentrators with gas sensors. 
The combination of gas pre-concentrators with MOS gas sensors in low-cost 
integrated systems has been explored in this thesis; the principles of gas pre-
concentration are described in this section. The process of adsorption and desorption is 
depicted in Figure 5.  
 
 
Figure 5: Basic sequence for a pre-concentrator adsorption / desorption cycle, showing the long 
adsorption period and the short desorption peak; adapted from [174].   
Figure reprinted (adapted) with permission from ACS Publications, Copyright 2015 American 
Chemical Society. 
 
The relevant influences for the pre-concentration factor, i.e. the ratio of the desorbed 
gas concentration C2 and the initial gas concentration C1, have been identified in [174] 
as the initial gas concentration (C1), the gas flow rates at adsorption (f1) and desorption 
(f2), and the times of adsorption (t1) and desorption (t2). In an ideal system, the relation 
of these parameters at gas adsorption and desorption can be described by: 
𝐶1 ∙ 𝑓1 ∙ 𝑡1 = 𝐶2 ∙ 𝑓2 ∙ 𝑡2 
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The pre-concentration factor k can be defined as: 
𝑘 =  
𝐶2
𝐶1
=  
𝑓1 ∙ 𝑡1
𝑓2 ∙ 𝑡2
 
 
While these formulas point out the basic idea behind gas pre-concentrators, in real 
devices these relations are not as simple, as experiments and simulations have shown 
[175]. 
 
2.2.1 Physical principles 
If gas molecules come into contact with a solid surface, they can adsorb at this surface, 
i.e. form physical or chemical bonds with the molecules or atoms of the solid and stay 
attached to them [176]-[178]. The forces for physical adsorption (physisorption) can 
be van-der-Waals forces and additional electrostatic contributions: polarization, field–
dipole and field gradient–quadrupole interactions. These forces are weak compared to 
chemical bonds (chemisorption), which can also be very selective [178]. For the 
application of gas pre-concentration, physisorption is the relevant effect [179], as the 
involved temperatures could not break up chemisorption bindings for desorption. 
The number of molecules that can adsorb on a surface is dependent on the number of 
adsorption sites on the surface of the solid material. To increase the number of 
available sites, microporous materials are used. This means that the material contains 
pores with widths not exceeding 2 nm; additionally, mesopores are defined by sizes 
between 2 nm and 50 nm; pore widths greater than 50 nm are called macropores [176]. 
A common way to depict and compare the adsorption behavior of materials is by using 
adsorption isotherms, which show the amount of adsorbed gas versus the equilibrium 
relative pressure p/p0 of the gas at a constant temperature, p0 being the saturation 
pressure of the gas at the given temperature [176][180]. 
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Recommendations from IUPAC (International Union of Pure and Applied Chemistry) 
suggest classification of adsorption isotherms in eight groups [176], which are shown 
in Figure 6. 
 
 
Figure 6: Classification of different isotherms that can occur in physisorption processes, depending on 
the involved materials and surface characteristics [176]. 
 
• Type I isotherms are free of hysteresis and typical for microporous solids which 
have a relatively small external surface area. After a steep rise in amount of 
adsorbed gas at very low p/p0 values, it quickly reaches a limiting value, which is 
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caused by filling of the available micropore volume. Depending on the exact pore 
sizes and pore size distributions, Type I(a) isotherms (mainly narrow micropores) 
or type I(b) isotherms (higher variety in pore size distribution) can occur. 
• Type II isotherms do not show hysteresis effects either, and are generated by 
physisorption of gases on non-porous or macroporous materials, which leads to 
unrestricted monolayer-multilayer adsorption up to a high value of p/p0. The point 
of the curve marked with “B” usually corresponds to the completion of monolayer 
formation and the beginning of multilayer adsorption. 
• Unlike type II, type III isotherms do not show a point “B” to mark the transition 
from monolayer to multilayer adsorption, as there is no significant formation of 
monolayers. The forces between gas and solid material are comparably weak and 
adsorbed molecules cluster around favorable sites. Such behavior also indicates a 
non-porous or macroporous solid. 
• Isotherms of type IV are characteristic for mesoporous materials. For low pressures 
its shape is similar to type II isotherms, however, after reaching saturation vapor 
pressure, pore condensation of the adsorbate occurs. Depending on the pore size, 
hysteresis effects can occur (type IVa) for wide mesopores; for smaller mesopores 
no hysteresis can be observed (type IVb). 
• The behavior of type V isotherms is similar to that of type III for low relative 
pressures, with relatively weak interactions between the adsorbate and adsorbent. 
For higher pressures and microporous and mesoporous materials, clustering of 
adsorbate materials occurs and ultimately pore filling, which leads to hysteresis 
effects, comparable to type IVa. 
• Type VI isotherms are characteristic for reversible layer-by-layer adsorption on 
uniform non-porous material surfaces. Each step represents a new layer of 
adsorbate, with the step heights representing the capacities of the layers. 
 
Different models for mathematical description of isotherm have been developed; the 
most commonly used ones are: 
• The Henry model [180]-[182], which is a simplified model based on the 
assumption that the adsorbed molecules are independent of each other. This results 
is a linear model for the relative adsorbed gas volume Θ, which is calculated from 
the partial pressure p of the gas with the Henry constant h [178]: 
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𝜃 = ℎ ∙ 𝑝 
This approximation is accurate especially for very low adsorbate concentrations. 
• The Langmuir model [177][178][183] is suitable for describing monolayer 
adsorption. Basic assumptions are that only one adsorbate molecule can adsorb at 
each adsorption site, that all adsorption sites are energetically equal, that there are 
no interactions between adsorbed molecules and that there is no pore condensation. 
It can be used at high adsorbate concentrations, where the Henry model becomes 
inaccurate. It describes isotherms by the following equation [178]: 
𝜃 =  
𝑉
𝑉𝑚𝑜𝑛
=  
𝐾 ∙ 𝑝
(1 + 𝐾 ∙ 𝑝)
 
Θ describes the fraction of the monolayer that is occupied, V represents the volume 
of the adsorbate, Vmon represents the monolayer volume, p is the gas partial 
pressure and K is a constant. For low pressures, the adsorption is nearly linear, 
while for higher pressures, the formula describes a saturation effect.  
 
• Another model is the Freundlich model [177][178], which can take into account 
multi-layer adsorption and inhomogeneous surfaces, i.e. differences in adsorption 
site energies. It describes isotherms by a power law [178]: 
𝜃 = 𝑘 ∙ 𝑝
1
𝑛 
Θ is the relative adsorbed amount and p is the gas partial pressure; k and n are 
empirical constants for the adsorbent / adsorbate combination.  
 
• A generalization of the Langmuir model for multilayer adsorption is given by the 
Braunauer-Emmett-Teller model (BET model) [180][184]. Its main assumption is 
adsorption of a monolayer followed by adsorption of a second layer on top of the 
first layer and so on. As in the Henry and Langmuir model, for the BET model no 
interactions between molecules on the same layer are taken into account. The 
surface coverage θ is calculated with this equation [180]: 
𝜃 =  
𝑝
(1 −
𝑝
𝑝∗
) ∙ (
𝑝∗−𝑝
𝐶
+ 𝑝)
 
p is the partial pressure of the gas, p* describes the saturation vapor pressure of the 
gas, C is a temperature-dependent constant specific for the adsorbate / adsorbent 
combination 
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Examples for the basic shape of isotherms for each model are plotted in Figure 7. 
 
 
Figure 7: Examplary adsorption isotherms based on the four presented isotherm models. 
 
The models fit – at least for certain segments of the curves – very well with the basic 
classes of isotherms shown in Figure 6. However, these models can not account for all 
effects that occur in real isotherms, e.g. hysteresis effects, but can still be used for 
characterization or comparison of adsorption materials.  
As materials for gas pre-concentration, a wide variety of options are available. For 
example, use of carbon in different configurations [185][186], Tenax® TA [187][188], 
Carbopack™ [189][190] and zeolites [191] have been reported. 
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2.2.2 Metal-organic frameworks as pre-concentrator materials 
In this thesis, the compounds used for pre-concentrators are metal-organic framework 
materials (MOFs). These are hybrid materials containing inorganic as well as organic 
components [179][192][193]. Their structure is determined by a three-dimensional net, 
which consists of inorganic “nodes”, e.g. single metal atoms or metal atom clusters, 
which are connected by organic molecules, called “linkers”. This structure generates 
pores with sub-nm sizes [194], which results in a large surface area and a large number 
of adsorption sites, while at the same time the microstructure is very open, allowing 
easy access of gases into the pores. The surface areas of these materials can be very 
large, often exceeding 1000 m²/g [179]; values up to 5900 m²/g have been reported 
[195]. Therefore MOFs are in principle very well suited for the application of gas pre-
concentration, as a great uptake of target gas in the material should be possible. Figure 
8 shows examples for MOF structures. 
 
 
Figure 8: Different common structures occurring in metal-organic frameworks; (a)-(c) so-called 
“secondary building units”, which represent the metal clusters; (d)-(f): examples of organic linker 
structures which connect the metal nodes; metals are represented by blue spheres, carbon is shown as 
black spheres, oxygen as red spheres and nitrogen as green spheres [193].  
Figure reprinted with permission from Elsevier. 
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The presented examples show the variety of different pore sizes and shapes that can be 
achieved by variation of the MOF components, i.e. nodes, linkers, and synthesis 
method. By controlling these parameters, MOFs can be designed to achieve a certain 
selectivity regarding gases they can adsorb, e.g. if the pore sizes are designed to be 
very small, large gas molecules can not enter the MOF and reach adsorption sites; such 
a MOF would adsorb and pre-concentrate only small gas molecules. 
The two types of MOF investigated more closely in this work are HKUST-1 [196], a 
copper based material (Cu3BTC2, BTC: benzene-1,3,5-tricarboxylic acid, also known 
as trimesinic acid), and MIL-53 [197], a MOF based on Aluminum (AlBDC, BDC: 
benzene-1,4-dicarboxylic acid, also known as terephthalic acid). Rendered 3D 
depictions of the structures of the two materials are shown in Figure 9. 
 
 
Figure 9: Rendered structures of the two MOFs HKUST-1 (A) and MIL-53 (B); copper atoms are 
colored pink, aluminum is brown, oxygen is red and carbon is shown in white [198]. 
 
A clear difference in the structures of the two MOFs is visible. HKUST-1 (Figure 9 A) 
forms cavities of different sizes, which enclose single adsorption sites. In MIL-53 
(Figure 9 B), the structure is very open in one direction, and straight channels along 
this axis are formed. For both materials, the pores have diameters of about 1 nm [194]. 
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2.2.3 Examples and applications for gas pre-concentrators 
Many research groups have experimented with gas pre-concentration, and a variety of 
different designs for different applications have been explored.  
The usual approach is to design the pre-concentrator as a discrete device with a size of 
several mm, which is then placed in a larger measurement system. Some examples are 
given in Figure 10, which shows setups from four publications, all containing pre-
concentrator elements as parts of complicated setups.  
 
 
Figure 10: Examples of testing systems for pre-concentrator performance; the pre-concentrator devices 
are marked by the red arrows; A [188], B [186], figures reprinted with permission from Elsevier; C 
[191], figure reprinted with permission from ACS Publications, Copyright 2004 American Chemical 
Society; D [190], figure reprinted with permission from the Royal Society of Chemistry. 
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In all these examples, the pre-concentrator devices are connected to six-port valves 
and the valve positions are switched between adsorption and desorption phases. All 
these fluidic and mechanical components may be necessary for characterization of the 
pre-concentrators, but would be too large or expensive for many potential applications. 
A simpler setup, which consists only of the pre-concentrator device and a modified 
commercial gas sensor, was presented in [174]. The principle of the setup is shown in 
Figure 11. 
 
 
Figure 11: Schematic diagram showing the fluidic interconnection of a pre-concentrator device and a 
gas sensor; this represents a simple setup compared to other test benches (cf. Figure 10) [174].   
Figure reprinted with permission from ACS Publications, Copyright 2015 American Chemical 
Society. 
 
Using this setup, the effect of independent adjustments of the gas flow during the 
adsorption and desorption phase has been investigated. This increased the overall 
performance of the system; however, the active transfer of the target gas to the pre-
concentrator, via pumps or mass flow controllers, which has been a central element in 
the design of all the presented systems in this section, is expensive and also limits the 
number of possible fields of use.  
As for the mechanical design of the pre-concentrator devices, there are often three-
dimensional structures incorporated into the gas flow, which are coated with the 
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adsorbent material in order to increase the surface area and thus the amount of 
adsorbent material that is in contact with the gas. Two examples for such 3D 
structures, produced using MEMS technology and processes, are shown in Figure 12. 
 
 
Figure 12: Examples of internal 3D structures of pre-concentrator devices; A: arrow-shaped micro-
pillars with a height of 400 µm etched in a silicon substrate and coated with activated carbon [185]; B: 
rectangular pillars in different angles with a height of 240 µm coated with Tenax® TA [188], figure 
reprinted with permission from Elsevier. 
 
The two devices show similar basic structures; the gas is directed through a chamber in 
which pillars are designed into the path of the gas flow. The pillars have sizes of 
several hundred nm, and increase the amount and surface area of the adsorbent 
material by a large factor compared to a plain chamber floor.  
Pre-concentrators have been investigated for many different applications and in many 
different setups. Often they have been used in combination with analytical 
measurements, e.g. GC-FID [186]-[188] or GC-MS [189]. Such setups are suited 
especially for characterization of the pre-concentrator, as the analytical measurements 
allow a high degree of sensitivity and selectivity. A number of groups are using pre-
concentrators in combination with SAW sensors (surface acoustic wave) [190][199], 
which are usually set up as arrays of devices with different sensing materials. Pre-
concentrators have also been coupled with MOS gas sensors, both commercial sensors 
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[174] and proprietary ones [185]. Other sensor principles used for testing pre-
concentrators are optical cavity ring-down spectroscopy [191] and electrochemical 
sensors [205]. 
Many of the published articles focus on air quality monitoring as a possible application 
for gas pre-concentration. The setups are tested with benzene [174][189] or gas 
mixtures containing several gases relevant for IAQ [190][191][199], cf. section 1.1.1. 
Other backgrounds used for development and characterization of pre-concentrator 
devices include breath analysis [186], safety applications such as detection of 
explosives [205], detection of specific single gases like ammonia [185] or general 
characterization of the device performance with a variety of gases without validation 
for a specific application [187][188]. 
In the presented examples, the pre-concentrator performance was tested with target gas 
concentrations from the sub-ppm range, e.g. 400 ppb of BTEX components (benzene, 
toluene, ethylbenzene, xylenes) [199] or 250 ppb of benzene [174], down to the ppb 
range, e.g. 17 ppb of heptane [186] or 6 ppb of ethane [191]. In all examples, 
significant pre-concentration effects were achieved; the highest reported pre-
concentration factor was 1000 [188], using the device shown in Figure 12 B in the 
setup shown in Figure 10 A; the applied test gas was nonane and the adsorbent 
material Tenax® TA.  
These results show the potential of gas pre-concentrators for trace gas analysis, but the 
design and setup of such devices must be significantly scaled down and simplified to 
facilitate mass production, which is a key aspect for many of the intended applications. 
 
2.3 Signal processing 
The temperature dynamic operation of MOS gas sensors requires and allows for more 
complex signal processing than sensors operated at constant temperatures. The 
techniques used in this thesis are presented briefly in this chapter. 
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2.3.1 Signal pre-processing 
Raw gas sensor signals can be affected by noise and drift effects, which reduce the 
performance of signal processing algorithms. Therefore, pre-processing can be applied 
to the data in order to minimize some of these influences. 
The most common methods for first stage signal treatment in gas sensors are 
smoothing and normalization of the signals [200][201]. Smoothing can reduce the 
noise of the sensor signals; however, it must be applied carefully, as the shape of the 
signal holds the information in TCO sensor signals, and smoothing can also influence 
this shape and thus the information contained in the signal. A smoothing algorithm 
must be found for a specific application which removes the noise while maintaining 
the underlying information. For example, critical segments in TCO data are fast 
temperature changes of micro hotplate gas sensors, which cause quick changes in the 
signal that contain useful information, e.g. a peak height, but might be flattened 
significantly by a smoothing algorithm. Commonly used smoothing methods are 
moving average [202] and the Savitzky-Golay convolution filter [203]. Depending on 
the quality of the raw signals and the extent of the sensor response to the gases, using 
no filter might be the best option, as all information of the signal is preserved, but this 
choice is dependent on the individual signal situation. 
Normalization of the signals is a method that can counteract other influences on the 
sensor, such as long-term drift effects in the baseline or the sensitivity [204]. For TCO 
signals, normalization is usually performed per temperature cycle. Proven methods for 
normalization are division of each signal value by the mean value of the cycle signal 
or mapping the signal of each cycle to a specific interval, e.g. [0..1] or [-1..1].  
Normalization by division by the cycle mean value is performed with the following 
formula for a signal vector sigTCO, which contains n signal values of a TCO cycle: 
𝑠𝑖𝑔𝑛𝑜𝑟𝑚 =  
𝑠𝑖𝑔𝑇𝐶𝑂
𝑚𝑒𝑎𝑛(𝑠𝑖𝑔𝑇𝐶𝑂)
=
𝑠𝑖𝑔𝑇𝐶𝑂
1
𝑛
∙ ∑ 𝑠𝑖𝑔𝑇𝐶𝑂
𝑖𝑛
𝑖=1
  
i represents the index of the vector. 
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Normalization with this method is used especially for compensation of baseline drift 
effects. 
Mapping of the signal to the interval [0..1] is performed by the following formula, for 
other intervals it can be adapted: 
𝑠𝑖𝑔𝑛𝑜𝑟𝑚
𝑖 =
𝑠𝑖𝑔𝑇𝐶𝑂
𝑖 − min (𝑠𝑖𝑔𝑇𝐶𝑂)
max (𝑠𝑖𝑔𝑇𝐶𝑂) − min (𝑠𝑖𝑔𝑇𝐶𝑂)
 
Such a normalization can be useful if the information of the signal is contained mostly 
in the shape instead of the absolute values. On the other hand, if the absolute levels of 
the signal hold significant information, such a normalization step can result in loss of 
quality of the following signal processing. As with signal smoothing, the usefulness of 
a specific method must be tested and evaluated for each application. 
 
2.3.2 Quasi-static sensor signals 
The most basic approach to analyzing cyclic sensor signals next to comparing single 
cycles is the generation of quasi-static sensor signals. To generate such a signal, the 
sensor signal value of a chosen point in time during the temperature cycle is extracted 
for each cycle. This generates a simplified sensor signal which represents the signal for 
the chosen state of the sensor inside the cycle. An example is given in Figure 13. 
Figure 13 A shows a raw sensor signal during a ramp up / ramp down temperature 
cycle. The chosen point for a quasi-static signal was chosen at 20 s, indicated by the 
dashed line. The signal value at this point of the cycle was extracted for all cycles of a 
measurement with several concentrations of three gases and a section of approx. 1100 
cycles is shown in Figure 13 B. For the chosen point, the sensor shows a clear 
response to the naphthalene test gas and very low responses to the other two gases. 
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Figure 13: A: Visualization of a gas sensor temperature cycle (linear ramps from 200°C to 400 °C and 
back down to 200 °C, green) and corresponding gas sensor signal (red); the dotted line shows the point 
of the cycle selected for a quasi-static signal, which is shown in B for a measurement of three gases in 
three concentrations each [206]. 
 
This representation of the sensor signal allows for a quick and transparent evaluation 
of the sensor response to the test gases, without employing more advanced and more 
complicated signal processing. However, the effort for manually evaluating quasi-
static sensor signals of larger numbers of points of the temperature cycle take a lot of 
effort and this approach might not be useable for very small signal changes, which is 
why advanced signal processing is required for many applications.  
 
2.3.3 Feature extraction 
When MOS gas sensors are operated in TCO, the signals cannot be described by a 
single value. Generating quasi-static signals, as described in the previous section, 
extracts only a very limited amount of the information that is contained in a 
temperature cycle signal. To increase the extracted information, a set of values is 
computed from the cyclic signals, called features. There are many options for doing 
this; commonly, this is used as a dimension reduction of the complex raw TCO sensor 
signals. The process and techniques of the feature extractions used in this thesis have 
2   Fundamentals 33 
been explained and discussed in detail in previous theses [207]-[210] and publications 
[211][212], therefore a brief introduction is given in this chapter. 
In the presented signal evaluations, features have been extracted from sensor signals 
which represent these signals while reducing the number of data points that are used in 
the subsequent signal processing methods. For example, raw signals consisting of 
1800 data points have been reduced to 32 features, which describe the shape of the 
sensor signal curve. 
To generate such features, the TCO cycle is first divided into several segments in 
which the features are calculated. An example is shown in Figure 14. 
 
 
Figure 14: Example of segmentation of a TCO signal cycle for feature extraction in 16 segments; 
several TCO signals are plotted to see where changes occur in the signal and to enable a suitable 
choice of segment intervals. 
 
The segments are chosen to represent the different states, i.e. temperatures or 
temperature ramps, of the sensor, and each state is further divided into several 
segments. To generate features, the same calculations are performed with the sensor 
signal in each segment. Many calculations are possible, the most commonly used ones 
are calculating the mean values and the slopes of the signal segments, but further 
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options such as calculation of curvatures, fit function parameters (e.g. for polynomial 
or exponential fits), minimum or maximum values, or Fourier transformations are 
possible [156][213][214]. 
In the example (Figure 14), it is obvious that many of the depicted signal curves differ 
significantly in mean values and slopes for the chosen segments and can be clearly 
separated using these features. The positions of the segments are chosen by the 
dynamic of the sensor signal during different states, e.g. the signal changes quickly 
after a fast temperature change (cf. chapter 2.1.2), therefore the segments are chosen to 
be shorter in such phases compared to long phases of static temperatures. 
This approach creates a set of values, called “feature vector” in this thesis, for each 
sensor cycle. This vector is then used for further signal processing, i.e. multivariate 
analysis techniques such as linear discriminant analysis (LDA) or partial least squares 
regression (PLSR), which were utilized for some of the presented gas measurements. 
 
2.3.4 Linear discriminant analysis and classification 
Linear discriminant analysis (LDA) is a method for calculating a transformation rule 
which separates data sets according to their assigned target classes [215]. The target 
class for each data set must be known; therefore it is called a supervised learning 
algorithm. It is a generalization of Fisher’s linear discriminant, which was published in 
1936 [216], and can handle data sets representing two or more classes [217]. LDA, 
which is often used for pattern recognition applications (e.g. face recognition [218]-
[220]), calculates a function which represents a linear combination of the input data set 
f (in this case the extracted gas sensor feature vector) and a coefficient set c: 
(
𝐷𝐹1
⋮
𝐷𝐹𝑛−1
)  =   (
𝑐1,0
⋮
𝑐𝑛−1,0
) + (
𝑐1,1 ⋯ 𝑐1,𝑚
⋮ ⋱ ⋮
𝑐𝑛−1,1 ⋯ 𝑐𝑛−1,𝑚
) ∙ (
𝑓1
⋮
𝑓𝑚
)
=  (
𝑐1,0 + 𝑐1,1 ∙ 𝑓1 + 𝑐1,2 ∙ 𝑓2 + ⋯ + 𝑐1,𝑚 ∙ 𝑓𝑚
⋮
𝑐𝑛−1,0 + 𝑐1𝑛−1,1 ∙ 𝑓1 + 𝑐𝑛−1,2 ∙ 𝑓2 + ⋯ + 𝑐𝑛−1,𝑚 ∙ 𝑓𝑚
) 
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The resulting vector DF contains the so-called discriminant functions of the LDA.  
The optimization the LDA algorithm performs is finding a set of coefficients c which 
maximizes the distance between the groups/classes and minimizes scatter within the 
groups: 
𝛤 =  
𝑠𝑐𝑎𝑡𝑡𝑒𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑔𝑟𝑜𝑢𝑝𝑠
𝑠𝑐𝑎𝑡𝑡𝑒𝑟 𝑤𝑖𝑡ℎ𝑖𝑛 𝑔𝑟𝑜𝑢𝑝𝑠
=
!
𝑚𝑎𝑥 
 
When the LDA projection is applied to a data (feature) vector, it is transformed into a 
data point in the new coordinate system, but not yet classified into one of the groups 
that were used for determination of the LDA parameters. Therefore, a classifier is 
necessary, which assigns the new data point to one of the existing groups, e.g. a type 
of gas. In the examples in this thesis, the k-nearest neighbor (knn) classifier is used. It 
is one of the simplest algorithms for this task, as it calculates the distances of the new 
data point to the k nearest known data points and then assigns it to the class to which 
most of these points belong to. Several types of distances can be calculated, here the 
Euclidian distance was the chosen method: 
𝑑𝐸𝑢𝑐𝑙𝑖𝑑𝑖𝑎𝑛 =  √∑(𝑞𝑖 − 𝑝𝑖)
𝑛
𝑖=1
² 
 
The number of observed neighbors, k, is usually an odd number in the range from 3 to 
11; in the presented data evaluations it was set to 5. 
Figure 15 shows an example of an LDA projection of gas sensor signals with a 2-
dimensional output, i.e. mapping of the input feature data sets of two discriminant 
functions. 
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Figure 15: Plot of a 2D LDA data processing for identification of four different classes [221]. 
 
The LDA algorithm calculates the output functions in a way that separates the 4 input 
classes, each representing a different gas condition, in the 2 dimensions. The 
separation of the groups in this example is not optimal; there is some slight overlap 
between the groups of naphthalene/benzene and benzene/formaldehyde, respectively. 
The scatter within the groups is not ideal as well, as the groups are not very compact 
and there are some outliers. 
 
2.3.5 Partial least squares regression 
A disadvantage of using LDA (+ classification) is that it treats every target class 
independently and does not take into account relations of the target classes, e.g. 
numerical relations if they represent different gas concentrations. For example, if the 
gas concentrations 1 ppm, 2 ppm, and 10 ppm are the target classes, the LDA 
algorithm tries to maximize the distances of all classes, even though the distance 
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between 1 ppm and 2 ppm should be much smaller than the distance between 2 ppm 
and 10 ppm. 
Regression algorithms, in this case more specifically partial least squares regression 
(PLSR) [222][223], are used in data processing if the input data is mapped to a 
continuous numerical target value range, e.g. a gas concentration. Therefore, 
quantitative information can be extracted from the input, in contrast to LDA with knn, 
which performs a qualitative classification. The PLSR algorithm calculates a linear 
model which maps the input variables (e.g. gas sensor signal features) to a response 
variable (e.g. gas concentration). PLSR has been shown to yield good results even if 
the input variables are collinear, which is a problem for other methods. 
An example for a result of a PLSR signal processing of features extracted from gas 
sensor signals is given in Figure 16. 
 
 
Figure 16: PLSR gas quantification results; the PLSR model was trained with the data marked by 
hollow circles; the data sets of the data points marked by yellow triangles were projected into the 
model; further processing of data presented in [224]. 
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In the plot, the set gas concentration is plotted on the x-axis, and the corresponding 
PLSR output value, i.e. the predicted concentration for each input data set, is plotted 
on the y-axis. In this example, the PLSR model was calculated with the sensor data 
(features) from the gas concentrations 0, 0.5, 2 and 10 ppb, and evaluated for the same 
input data sets (“training data”, circles). Then, the feature sets from the sensor signals 
recorded at 1, 3, and 5 ppb were also mapped to the output concentration range by the 
model (“validation data”, yellow triangles). With ideal data, all data points would be 
placed on the optimal line (red). In the example, there is an error in the prediction of 
the gas concentration of less than ± 2 ppb, which is the case for both the training data 
as well as for the interpolated gas concentrations. 
 
2.3.6 Validation of signal processing methods 
The obtained output of such a signal processing run does not yet give an assertion 
about the quality of the result. Therefore, a validation step is necessary, which 
evaluates the output, e.g. by checking how many input data sets are classified correctly 
and between which groups misclassifications occur. This is also crucial for comparing 
different processing parameters, e.g. different classifiers.  
Another important aspect is checking the model for applicability to new data that was 
not used for training. This cross-validation can be done in several ways, the most 
effective and most challenging for the model is to evaluate a completely new data set, 
e.g. repetition of a measurement several weeks after the training measurement was 
performed. Another method is excluding certain groups of data sets from the training 
(e.g. gas concentrations, cf. Figure 16) and checking if interpolation or extrapolation 
are possible with the model. A number of other methods are used for dividing the data 
set into training data and validation data; many are described in [225]. These methods, 
such as bootstrap, k-fold cross-validation or leave-one-out cross-validation, represent 
techniques for fixed or random generation of data splits from a given data set for 
calculating the signal processing model and data to validate the model. The most 
simple of these cross-validation methods, which was also used for all LDA validations 
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in this thesis, is leave-one-out cross-validation (LOOCV). It is performed as many 
times as there are input data vectors, in this case TCO feature vectors. In each run, one 
data vector is left out of the training, then projected into the calculated model and 
classified by the classifier algorithm. After a full run, the result shows how many data 
vectors are classified correctly or incorrectly, and which class they are assigned to. 
This allows for a detailed analysis of the performance of the model, and an objective 
evaluation of different methods and classifiers.  
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Synopsis 
As already mentioned in the introduction (section 1.3), adequate generation of test 
gases is an essential prerequisite for the development of gas sensor systems for the 
detection of low target gas concentrations. Therefore, a gas mixing system has been 
developed for this task, based on a previous design [129]. The chosen method for gas 
generation was dynamic gas dilution; no other methods were incorporated in the 
system, as the predecessor system offers sufficient channels for additional use of 
permeation devices. The combination of these two methods can cover a very wide 
range of target gases and concentrations. The application in mind for the design was 
characterization of gas sensors and gas sensor systems for indoor air quality 
monitoring; therefore the facility was equipped to handle permanent gases and VOCs, 
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with the exclusion of semi volatile organic components, which are not available in gas 
cylinders in suitable concentrations.  
In the design of such a system, several aspects are important and have to be addressed. 
Most obvious is the performance of the system in terms of accuracy of the generated 
gas concentrations. The applied technology in this case, mass flow controllers (MFCs), 
offers active gas flow control and high accuracy of these flows over a wide range. The 
MFCs used in the presented system (MKS MF1) have an accuracy of ± (0.5 % of 
reading + 0.2 % of FS (full scale)) and a control range of 2 % to 100 % of FS [226]. 
The relative accuracy of the set flow therefore decreases significantly when the 
setpoint is close to the lower limit of the controller, as some examples in Table 2 show. 
 
Table 2: Relative accuracy values for different setpoints of the chosen mass flow controllers. 
Setpoint Error 
100 % FS 0.7 % of setpoint 
50 % FS 0.9 % of setpoint 
10 % FS 2.5 % of setpoint 
5 % FS 4.5 % of setpoint 
2 % FS 10.5 % of setpoint 
 
Therefore, the MFC setpoint calculations of the gas mixing system software have been 
limited to 5 % FS as the lowest applicable value, although the MFC itself could set 
even lower flow rates. This limitation assures a maximum error in gas flow of approx. 
5 % of the setpoint. Other relevant aspects are response times of the active components 
(MFCs, pressure regulators, valves) or compatibility of the used materials (tubing, 
seals, etc.) with the gases regarding chemical stability and adsorption effects, 
respectively. These aspects are discussed and tested in the publication. 
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What is also important for such a system is the control software. The program used for 
the presented facility is an updated version of the one presented in [129], and controls 
all fluidic components. Additionally, the sensor operation (TCO parameters) and 
sensor read-out (TCO gas sensors, temperature/humidity sensors and any analog signal 
sensors) are realized in the same program. The advantage of such a combined software 
is the inherent synchronization of sensor signals and gas mixing system status, which 
facilitates interpretation of sensor signals and debugging of the system. The software 
also allows for active synchronization of gas sensor operation and gas mixing, via 
coupling of gas state transitions to starting times of TCO cycles.  
The publication addresses the design of the fluidic setup of the system regarding 
possibilities of gas generation and mixing as well as issues of material compatibility 
for ppb level VOCs and unwanted tailing effects due to dead volumes.  
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Synopsis 
This article describes an approach for characterization of two variations of a new gas 
sensor material. In addition to the characterization of the physical properties of the 
layers, they were tested for their gas sensing potential for three VOC target gases: 
formaldehyde, naphthalene and benzene at ppb concentration levels. 
The structure of the synthesized materials, which were prepared using pulsed laser 
deposition (PLD) was analyzed using SEM (scanning electron microscopy), AFM 
(atomic force microscopy), XRD (X-ray diffraction) and Raman spectroscopy, to 
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determine parameters like layer thickness, grain sizes and grain structure as well as the 
influence of deposition parameters and post-deposition annealing on these properties. 
Regarding the testing of the gas sensing performance, some of the methods presented 
in section 2.3 were applied to the TCO sensor signals: quasi-static signals and LDA 
with extracted features. The results show that LDA generates better data and allows for 
more detailed analysis of the data compared to the simple quasi-static approach. As the 
two tested sensing layers show a much higher response to naphthalene than to the 
other two tested gases, several evaluations of the signals / features are performed to 
increase the performance of the sensors for this target gas. Identification of the 
different applied naphthalene concentrations is possible down to 1 ppb with an 
accuracy of > 99 % for the recorded data set of one of the two deposited sensing layers 
if no interferent gas is present in the gas mixture. Furthermore, the effect of varying 
humidity is investigated and the ability of the signal processing to suppress this 
influence is evaluated. 
The results show that the investigated data processing chain of feature extraction, LDA 
and classification using knn are suitable for gas sensor characterization and it was 
found that one of the PLD layer variations has a significantly higher potential for 
naphthalene detection than existing gas sensors. 
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Synopsis 
In the previous chapter, virtual multisensor operation and LDA signal processing were 
applied to MOS gas sensors in order to improve their performance in the measurement 
of a specific target gas, naphthalene. The publication in this chapter adds a real 
multisensor approach to the setup; eventually, the signals of the virtual gas sensor 
array and the real gas sensor array are fused for further improvement of identification 
of three target gases in varying humidity and background conditions. Three different 
gas sensors with different sensing materials were chosen for the task of detection and 
discrimination of benzene, formaldehyde, and naphthalene in low ppb concentrations. 
In addition to gas sensors operated by laboratory measurement electronics, integrated 
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gas sensor systems designed for indoor VOC detection were characterized with the 
same test gas mixtures. Both the laboratory test setup and the sensor systems use the 
same types of MOS gas sensors and the same TCO cycle variants, which allows for 
determination of the influence of parameters which are changed by integrating the 
sensor devices into compact systems. The most relevant are integration of the sensors 
on a PCB (printed circuit board) and in a housing, both of which pose additional gas 
sources in direct vicinity of the gas sensors, as well as switching the method of 
supplying the test gas to the sensors. The effect of having the sensors integrated in the 
sensor system has been investigated by sampling and evaluating the gas emissions 
from the sensor system using TD-GC-MS analysis. This showed a significant increase 
of VOCs emitted from the systems during operation, which represents a background 
gas atmosphere for the sensors and results in decreased sensing performance compared 
to the sensors in the laboratory setup. Regarding the gas transport to the sensors, for 
the single sensors, a small test chamber volume with a directed flow is used, while the 
sensor systems are placed inside a larger test volume in which the gas flow rate is 
much lower. As the sensors are mounted inside the housing behind a number of vents, 
gas transport is at least partially based on diffusion. This also affects the gas 
concentration at the sensors, especially after changes in the gas atmosphere, and thus 
additionally impairs sensing performance. 
In the presented measurement campaign, only thick film sensors on ceramic substrates 
with resulting long time constants are used; therefore, the TCO cycle lengths are quite 
long at 3 min for two of the sensor types, and 1 min for the third. For the intended 
application, indoor air quality monitoring, this is sufficient, as the gas composition 
does not change very quickly. However, the thermal characteristics of the sensors 
result in a relatively simple temperature profile; for two of the sensor types, both using 
SnO2 variations as sensitive layers, only two temperature levels are set, with linear 
heating and cooling transitions between temperature levels. For the third sensor type, a 
ramp up / ramp down cycle has been chosen. It has a different sensing material, 
tungsten trioxide (WO3), which does not show the relaxation effects of SnO2 after 
temperature changes which were described in chapter 2.1.2. Therefore, linear heating 
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and cooling were chosen, as this mode of operation covers a wide range of 
temperatures and sensor states. 
The measurement results of both the isolated sensor elements and the assembled 
sensor systems show the potential of the sensors to detect and discriminate the three 
VOC gases in ppb concentrations, even in the presence of an ethanol background in 
the ppm range, i.e. three orders of magnitude higher than the target compounds. 
The publication addresses three main issues: 
• Sensing abilities of different types of thick film MOS gas sensors in TCO for 
VOCs in the ppb range with additional background in general 
• Improvement of gas detection when combining the signals of several sensors 
during signal processing 
• Effects on sensing performance if the sensors are operated in a stand-alone 
sensor system on a PCB inside a plastic housing 
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Synopsis 
A highly relevant, but often underestimated aspect in testing the performance of a 
sensor system is to test a variation of the test equipment. If a single test facility is used 
for characterization and calibration of such a system, any systematic errors of the 
facility in generation of the target (e.g. gas concentration) remain undetected and are 
passed on to the sensor system via the calibration. Therefore, inter-laboratory 
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comparisons are a useful tool for verification of the functionality of both testing 
facilities and the systems to be tested. Inter-laboratory test measurements are a 
standard procedure in chemical analysis and are performed between at least two testing 
facilities [227][228]; however, large numbers of partners can be involved, e.g. the 
performance of an electronic tongue has been tested in five laboratories [229], 
different types of glass electrodes for determining the pH value of ethanol have been 
tested using the same samples by nine participants [230], and for evaluating the 
reliability of seawater CO2 content measurements, the results from as many as 50 
institutions were compared [231]. 
In the presented publication, a gas measurement system has been characterized in two 
test setups for its performance regarding ppb level benzene detection. The intended 
scenario was outdoor air quality monitoring, where benzene concentrations in the low 
ppb range are relevant, cf. section 1.1.1. The system was equipped with a commercial 
MOS gas sensor in TCO; signal acquisition is performed using a logarithmic amplifier. 
The first tests were conducted at the Lab for Measurement Technology (LMT) at 
Saarland University (Saarbrücken, Germany), in a low flow rate, low gas volume setup 
in which only the sensor elements are connected to the generated target gas, cf. 
chapter 3. A second set of measurements was performed at the Joint Research Centre 
(JRC, Ispra, Italy), using a high gas volume test chamber in which complete sensor 
systems can be placed. In both facilities, benzene concentrations in the range from 0.5 
to 10 ppb were mixed into the carrier gas. In the first set of measurements (Saarland 
University), additional interferent gases have been added to the gas mixture, and 
variations in gas humidity have been performed.  
The data recorded at Saarland University has been analyzed in detail, using feature 
extraction and PLSR processing (partial least squares regression, cf. section 2.3.5). 
Depending on the gas background variations included in the input data, the benzene 
concentration could be predicted with an accuracy between ± 0.2 ppb and ± 2 ppb.  
For a joint analysis of the two data sets, a PLSR model has been computed using the 
data obtained in the JRC lab and the signals measured at Saarland University have 
been evaluated with this model. The results show a slight offset of the data points, 
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however, the general trend is predicted correctly. The offset probably results from 
different gas humidities during the two measurement runs or additional gaseous 
components in the system due to contaminations or degassing from the sensor systems 
placed in the test gas volume, cf. chapter 5. A second analysis, in which part of the 
Saarland University data set was used for training and data from both test setups were 
used for evaluation produces a similar result. 
The results show that despite the variation in measurement conditions (humidity) the 
general transferability of the two measurement setups is valid, and the sensor system 
yields comparable results in both testing facilities. This confirms a robust operation of 
the gas sensor system.  
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Synopsis 
The option of using gas pre-concentration for detecting low gas concentrations and 
some exemplary applications have been introduced in chapter 2.2. The shown pre-
concentrator systems all comprise large, complex fluidic setups, which are not usable 
for low-cost gas sensor systems. For the application of air quality monitoring, such 
small and inexpensive systems are required, as several sensor nodes are necessary to 
equip a home, an office building or other indoor as well as outdoor locations. 
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As an important step towards realization of such systems, the presented work describes 
the design, simulation and characterization of a fully integrated sensor module, 
comprising a single (or dual) MOS gas sensor and a MOF pre-concentrator in a single 
SMD (surface-mount device) package. This is realized by mounting two separate 
micro hotplates, each optimized for its intended use, next to each other in the package. 
The dimensions of the integrated device are 5x7x1.5 mm³. 
First, the performance of two MOF materials for gas pre-concentration has been tested 
with various methods. Using inverse gas chromatography, the partition coefficients of 
the materials could be estimated for benzene and toluene at several temperatures. 
These values have been used for simulation of the integrated device operation. A 
standard adsorbent material, Tenax® TA, was included in these tests as a reference. 
The two MOF materials have also been deposited on heated ceramic substrates which 
were placed in a 10 ppm benzene gas stream leading to a mass spectrometer with 
which the benzene concentration could be monitored continuously. Heating of the 
substrates after a certain adsorption time generated clear peaks in benzene 
concentration, which shows the general applicability of the MOFs and which could 
also be used for further material characterization. 
The operating principle of the integrated pre-concentrator has been simulated using 
FEM simulations and the performance of the system, i.e. the pre-concentration factor, 
has been estimated from the results. Two different MOF materials have been 
characterized for their relevant properties, which have been used as input for the 
simulation model. The MOF that yielded better results in the simulation was then used 
for real gas tests; measurements with benzene in ppb concentrations have been 
performed. The addition of the pre-concentrator clearly improves the sensitivity of the 
gas sensor device compared to a single sensor without pre-concentrator.  
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The sensor/pre-concentrator devices have later been integrated into gas sensing 
systems, specifically designed for indoor use, by 3S GmbH (Saarbrücken, Germany), 
see Figure 17. 
 
Figure 17: Sensor system prototype; Left: PCB with gas sensor / pre-concentrator device mounted in 
the middle; Center: aluminum flush-mount front panel with gas access; Right: fully assembled system 
ready for installation [232]. 
 
The sensing module is mounted on a PCB which contains electronics for a number of 
tasks: 
• Temperature control of the hotplates (gas sensor and pre-concentrator) 
• Acquisition of the sensor signals of the various sensors 
o gas sensor (measurement of the sensing layer conductivity using a log 
amplifier, cf. chapter 2.1.2) 
o temperature / humidity sensor 
o optical CO2 sensor 
• Data storage 
• On-line signal processing 
• Control of overall system operation 
 
This list shows that such sensor systems are complex devices, therefore all 
components, including the sensor/pre-concentrator unit, must be optimized for size and 
cost, which means integration of as many functions as possible into the separate 
modules.  
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The shown systems represent an evolution of the systems presented in chapter 6, the 
identified issues regarding gas transport and housing materials have been addressed in 
the new design. The front plate material in the prototypes is made from aluminum, 
which does not emit VOCs, and the sensor device has been placed directly at the front 
plate with a seal around it, in order to create a short diffusion path to the atmosphere 
and to shield it from gas emissions from the PCB. 
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8 Discussion of results 
In addition to the discussions included in the presented publications, summaries of the 
results of the single methods and technologies as well as a comprehensive discussion 
of the achieved results are included in this chapter. 
The goal of the investigations presented in this thesis was to improve the sensing 
performance of MOS gas sensors, especially for very low VOC gas concentrations. A 
prerequisite for evaluating sensing performance of gas sensors and gas sensor systems 
is a reliable and accurate generation of test gases; the design and setup of a gas mixing 
system has been described in chapter 3. The presented system has been tested for its 
characteristics at generating gas mixtures in the relevant ranges, and performs with 
sufficient accuracy for ppb level concentrations and even sub-ppb levels. The expected 
errors in gas concentration due to accuracy of the used fluidic control devices are less 
than 5 % of the nominal values, and this maximum value applies only to the lower end 
of the total concentration range. Versatile usability of the system has been ensured by 
designing it for mixing gases over wide concentration ranges, the dynamic range is 
1:10.000 in the presented configuration, and can be increased to 1:62.500 if reduced 
accuracy is acceptable. This range is sufficient for many applications; for indoor air 
quality the lowest relevant concentrations are at low ppb levels (e.g. benzene), which 
can easily be generated from gas cylinders holding sufficiently high gas concentrations 
of more than 50 ppm. With the presented system configuration, theoretically a dilution 
factor of 1:12.500.000 of the input concentration can be achieved, if a 10 ml/min MFC 
line is used, the full MFC setpoint ranges are utilized and the maximum carrier gas 
flow (1000 ml/min with humidity fixed at 50 %RH) is chosen. 
Suitability of the used materials for tubing has been checked in a comparative test of 
different polymer, metal, and coated tube pieces. The investigation found that stainless 
steel tubing, which has been installed in the system, shows good performance 
regarding sticking effects of VOC gases compared to other possible materials, e.g. 
aluminum. In the design of the mechanical components, the issue of dead times and 
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tailing effects of gas pulses caused by dead volumes has been addressed and these 
effects could be reduced, which is relevant for generating short gas pulses. 
A drawback of the chosen setup is its limitation to gas cylinders as possible gas 
sources. Other means of initial gas generation, e.g. permeation, are not included. This 
means that for some VOCs (e.g. naphthalene), a different test setup must be used. 
However, for a wide variety of gases, the gas mixing system offers adequate 
performance regarding accuracy, dilution factor, dynamic range, gas compatibility, 
number of gases, and switching time between gases or gas concentrations. Combined 
with the described control software, a useful tool for convenient and versatile 
generation of complex test gases and test gas sequences has been realized. 
Several test measurements with ppb level gas concentrations have been described, 
using benzene, formaldehyde, and naphthalene as VOC target gases. To generate more 
realistic scenarios, the gas humidity has been varied in most of the measurements and 
interferent gases have been added in some of the tests. As explained in the introduction 
(chapter 1), the possible applications for ppb level sensing usually deal with complex 
and varying gas conditions, therefore testing of gas sensors and gas sensor systems 
also needs to include complex gas environments. In such testing conditions, the 
presented examples of MOS gas sensors operated in TCO showed very promising 
results. In all tests, trace gas concentrations of different gases could be distinguished or 
quantified by using pattern recognition signal processing based on features extracted 
from the dynamic signals. The results show that the gas sensors respond to the 
investigated gases at different temperatures (chapter 5), therefore operation with 
temperature variation seems advantageous compared to static heating of the sensors. 
Additionally, the increase of sensitivity resulting from temperature variations (chapter 
2.1.2) can be exploited effectively only in TCO. With the extracted features, advanced 
signal evaluation could be utilized; the two presented methods were successfully 
applied to different output data structures: LDA was used for classification of data 
sets, e.g. identification of gases, and PLSR was used for concentration quantification. 
However, for the lowest concentrations of the respective gases in complex 
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backgrounds, LDA classifications still showed significant errors, especially if the 
measurement runs of different target compounds are combined.  
The effect of different sensing materials can also clearly be seen from the presented 
measurements. The commercial sensors used in chapter 5 show good responses to all 
applied gases, while the PLD WO3 layers (chapter 4) offer good selectivity towards 
one of the three VOCs used in the test run. Effects like this can be helpful in designing 
systems for specific compounds, which is relevant for some applications. 
In addition to characterization of the sensor elements, the effects of installing the 
sensors in autonomous sensor systems have been identified and described in chapter 5. 
Improvements for the design of such devices have been derived and incorporated in 
the next generation of systems. However, the shown second generation uses relatively 
expensive solutions for certain issues (e.g. metal front plate) and must be revised to 
allow mass production as a low-cost system. 
General performance and stability of MOS gas sensors for specific application 
scenarios have been proven by the inter-laboratory tests of a sensor system which has 
been trained and tested for benzene quantification in a simulated outdoor scenario 
using TCO and PLSR. Using features extracted from three low temperature segments 
of a SnO2 gas sensor, benzene could be quantified in a concentration range from 1 to 
10 ppb. The results confirm the TCO model presented in chapter 2.1.2; after rapid 
temperature reductions the conductance value of the sensing layer rises in a 
logarithmic fashion, and the slope changes with the temperature and the present gas 
atmosphere. The temperature dependence of the sensitivity is another obvious feature 
of the presented results. Using PLSR, a model was derived which predicts the benzene 
concentration of the input signal. The error in quantification was below 2 ppb with the 
most complex background variation, and was reduced to approx. 0.2 ppb with only 
low interferent gas variation. While an accuracy of 0.2 ppb is sufficient for indoor air 
quality monitoring (cf. Table 1), an accuracy of 2 ppb is technically too low for this 
application, with a desired detection threshold of about 1 ppb for benzene. However, 
since low-cost sensor systems for such requirements are so far not commercially 
available, the performance of the system can be rated as sufficient. For outdoor air 
8   Discussion of results 108 
monitoring, the performance is adequate, as higher concentrations of benzene occur, 
especially in cities [47]. For concentrations up to 20 ppb, an accuracy of 2 ppb is 
satisfactory.  
Regarding the transferability of a calibration from one laboratory to measurements 
from a second laboratory, the system shows deviations of up to 4 ppb; however, this 
error results, for the most part, from a constant offset. This can most likely be 
explained by the difference in gas humidity and residual contamination in the two 
measurement runs. In general, the projected data sets from the second test show good 
consistency in quantification of the different benzene concentrations, the predicted 
values increase linearly with linear increase of the actual concentration. 
The last presented method is a novel approach on pre-concentration of gases. While a 
lot of research has been done and is still going on in this topic (cf. chapter 2.2), the 
approach presented here has a different focus. The goal was to build and characterize a 
low cost MEMS system with an integrated pre-concentrator / gas sensor design, which 
uses passive diffusion based gas transport. This goal was achieved; a miniaturized 
system was set up and tested with benzene as target gas. Thermal desorption of the 
MOF pre-concentrator layer generated distinct pulses of higher gas concentrations, 
which could be detected by the gas sensor. Due to the placement of the two elements 
in direct vicinity, the diffusion based gas transport is fast enough for creation of short 
gas peaks. While the pre-concentration factor obtained with the presented miniaturized 
setup is much lower compared to the larger examples presented in chapter 2.2.3, the 
effect is still significant and increases the quality and decreases the limit of detection 
for the target gas. For the application of indoor air quality monitoring, the performance 
has to be optimized further, as 1 ppb of benzene in varying conditions could probably 
not be detected reliably with the tested setup. Especially the effect of gas humidity, 
which is always present in real atmospheres but has been eliminated in the shown 
measurements, will probably decrease the accuracy of benzene detection by 
influencing both the pre-concentrator and the sensor, as other measurements have 
shown [232]. 
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Metal-organic frameworks have been identified as suitable materials for gas pre-
concentration; their thermal stability, large surface area and large variety make them a 
promising group of substances for further studies and developments in this area of 
application. With the created simulation model, the characteristics of the setup can 
easily be studied further without performing complex measurement series. 
Characterization and optimization of a larger scale setup has already been carried out 
based on the MEMS system model [175]. 
A device like the presented one could be manufactured in high numbers and at low 
cost. Due to its small size and low energy consumption, it could be used in a wide 
range of applications, including portable systems for air quality monitoring.  
Both temperature cycled operation and micro pre-concentrators have been successfully 
applied for detection of trace level VOC concentration measurements in laboratory 
conditions. For transfer of these techniques into field tests and real applications, 
further optimizations and refinements will be necessary. 
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9 Conclusion and outlook 
In this thesis, several methods for improving the performance of MOS gas sensors at 
low target gas concentrations have been applied to trace VOC measurements, but are 
potentially also useful for other gaseous compounds such as permanent gases. An 
important prerequisite for performing such measurements has been created by the 
successful design, setup and characterization of a gas mixing system. The system has 
been optimized for generating very low gas concentrations, which are necessary for 
calibration and characterization of gas sensors and gas sensor systems. 
In several test measurements, the performance of low-cost MOS gas sensors and 
sensor systems for the intended applications have successfully been tested in 
laboratory conditions. Temperature-cycled operation in combination with sophisticated 
signal processing techniques was shown to be an effective approach when using MOS 
gas sensors for ppb level gas detection. Both gas identification and target gas 
quantification could be performed successfully using TCO in combination with feature 
extraction and LDA or PLSR. Adding gas pre-concentration in an integrated gas 
sensor / pre-concentrator device also yielded very promising results in terms of sensing 
performance.  
In future research, many of the applied methods could be improved further or 
combined with other techniques. For signal processing with extracted features, a large 
number of methods are available; some might be more suitable for certain applications 
than the ones used here. The topic of integrated pre-concentration in particular has 
many opportunities for further investigations and optimizations. One possibility is the 
combination of one pre-concentrator with several different sensors or one sensor with 
several different pre-concentrator chips. These setups could improve especially the 
selectivity of gas detection. Furthermore, the operation of the pre-concentrator was 
included in a very simple manner so far. Instead of straightforward on/off operation, 
more complex adsorption/desorption processes are possible, e.g. using several 
desorption steps at different temperatures or using ramps for heating of the pre-
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concentrator layer. This could further be combined with more complex operation of 
the gas sensor. In the presented test measurement, a very basic mode of temperature 
modulation was used for the sensor. Therefore, the introduced methods for advanced 
signal processing could not be fully applied. Changing the operating mode of the 
sensor could further improve the performance significantly, and in combination with 
the mentioned operating modes of the pre-concentrator, the overall performance of 
such a device could possibly be boosted significantly. Regarding the pre-concentrator 
design, the samples used in this thesis were not optimized for performance; the 
achievable pre-concentration factor and the timing of adsorption/desorption cycles 
could also be improved greatly. Parameters like layer thickness, layer area, distances 
between chips etc. can all be tweaked for improving the gas measurement capabilities 
of such an integrated system. 
The methods presented in this thesis, and combination of these methods in particular, 
will allow realization of advanced gas sensor systems for various applications such as 
air quality, breath, or odor monitoring and analysis; all of which require selective 
detection and quantification of trace gases, especially of VOCs. 
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